Abstract. The aim of the present study was to compare the techniques of dynamic intensity-modulated radiation therapy (IMRT) and three-dimensional conformal radiotherapy (3DCRT) in patients with gastric cancer. Implementation of the IMRT technique does not significantly affect the minimum and maximum dose levels in the planning target volume (PTV), but more effectively protects the critical organs. The study group consisted of 25 patients. The results of the analysis of the conformity index (CI) and the homogeneity index (HI) showed that the doses in the PTV regions were at a comparable level. The CI for the PTV was 0.95 for the 2-field technique, 0.95 for the 3-field technique, 0.96 for the 4-field technique and 0.94 for the IMRT technique. The CIs for these techniques for the clinical target volume (CTV) were 0.96, 0.96, 0.97 and 0.96, respectively, and the CIs for the gross tumor volume (GTV) were 0.99, 0.99, 0.99 and 0.98, respectively. The HI values for the PTV were 1.12 for the 2-field technique, 1.12 for the 3-field technique, 1.09 for the 4-field technique and 1.09 for the IMRT technique, and the HI values for the CTV were 1.12, 1.12, 1.09 and 1.08 for the same techniques, respectively. The HI values for the GTV were 1.09, 1.09, 1.07 and 1.06, respectively, which indicated significantly superior performance in the regions of healthy tissue. Statistical study was based on Friedman's rank analysis of variance to determine the level of reliability of the tested groups of variables (P<0.001). The present study demonstrated that the IMRT technique in the pre-operative radiotherapy of gastric cancer patients results in superior treatment tolerance and reduces the risk of damage to healthy tissue that is in close proximity to the irradiated area.
Introduction
In 2012, 952,000 new cases of gastric cancer were registered, making the disease the fourth most common cancer in the world (1) . Gastric cancer was the third leading cause of mortality due to malignant neoplasms (723,000 cases). The treatment results for this cancer remain disappointing. The 5-year survival rate ranges from 10 to 30% across Europe (2) . Since the publication of the results of the INT 0116 study, post-operative chemoradiotherapy has become the standard of care in a number of cancer centers around the world (3) . Ongoing studies are focused on improving the efficacy of the local treatment of gastric cancer. One promising direction of this research is the use of pre-operative radiotherapy or chemoradiotherapy (4) (5) (6) (7) (8) (9) (10) . Neoadjuvant therapy reduces the incidence of unresectable cases, increases the proportion of R0 resections and reduces the risk of local recurrence (5, 7, 11) .
Initially, radiation therapy was based on the schema of two opposing fields, but treatment has gradually evolved towards multi-field techniques (9) . Currently, radiotherapy offers the possibility of using radiation in the treatment of gastric cancer through non-coplanar, dynamic or rotating techniques, which make it possible to better protect organs at risk and potentially reduce the risk of radiation-induced reactions while retaining high conformity of the treatment plan (12) . Over the last few years, the use of intensity-modulated radiation therapy (IMRT) has been increasing rapidly. There have been few publications on the technical aspects of pre-operative radiotherapy (13, 14) . At the Institute of Oncology, Gliwice Branch (Gliwice, Poland), pre-operative radiotherapy has been the subject of intense clinical research over the past 10 years.
The aim of the present study was to compare the plans created using the three-dimensional conformal radiation therapy (3DCRT) and dynamic IMRT techniques to assess the possibility of better protection of organs at risk and healthy tissues in patients with gastric cancer treated with pre-operative chemoradiotherapy.
Patients and methods
The present study received approval from the Ethics Committee of the Maria Sklodowska-Curie Memorial Cancer Center and Institute of Oncology, Gliwice Branch (KB/493-59/09). The study group consisted of 25 patients (19 male, 6 female; average age, 69 years) with gastric cancer [adenocarcinoma T1-T4, N0-N3 and GI-GIII, according to AJCC (15) ], who were treated at the Institute of Oncology, Gliwice Branch, between January 2006 and December 2011. All patients were administered neoadjuvant chemoradiotherapy. The total dose was 45 Gray (Gy) administered over five weeks (1.8 Gy per fraction). During chemotherapy, 325 mg/m 2 5-fluorouracil (days 1-5) was applied.
Treatment and planning. Treatment planning was based on computed tomography (CT) scanning in the therapeutic position (supine, with the hands raised above the head) in a thermoplastic stabilizer (Somatom Definition Edge, Siemens AG, Munich, Germany). CT scanning was performed with contrast (uropolin) in 3-mm steps. Each patient drank 500 ml of water to fill the stomach, thus enhancing tumor visibility. Gross tumor volume (GTV) indicates a tumor that is visible on the CT scans. Area of clinical target volume (CTV) included a gastric tumor along with 5-cm margins (usually the stomach) and the regional lymph nodes: Perigastric, celiac trunk, splenic, pancreatic-duodenal, supra-pancreatic, portal vein and para-aortic (16) . Planning target volume (PTV) was determined by adding a 1-cm margin around the CTV. On each 3DCT, the following critical organs were traced: Liver, left and right kidney, pancreas, spinal canal, intestine and spleen. All patients were treated using IMRT plans, and the 3DCRT plans have been added for comparison.
The planned total pre-operative radiotherapy dose in the patients with gastric cancer was 45 Gy in 25 fractions.
The treatment plans for each patient were developed on the Eclipse treatment planning system (version 10.0; Varian Medical Systems UK Ltd., Crawley, UK). Plans were created using the 2-field technique, the multi-field (three-and four-field) technique and the IMRT technique. Treatment plans met the criteria recommended in Reports 50 and 62 by the International Commission on Radiation Units and Measurements (ICRU; www.icru.org), determining the level of the minimum dose to the PTV of 95% and a maximum dose not exceeding 107%.
Assumptions and parameters. Plans were compiled with the following assumptions for the protection of the organs at risk: Less than 30% of the liver volume received 30 Gy isodose (V 30 of 30%); less than 30% of the kidney volume received 20 Gy isodose (V 20 of 30%); and for the spinal canal, a maximum dose of <50 Gy. A significant portion of the pancreas and spleen were always within the area of the PTV.
The treatment plans were approved based on a dose-volume histogram (DVH) analysis using the following determined parameters: The minimum, mean, modal, median and maximum doses in the GTV, CTV and PTV; the maximum, mean and median doses of the spinal canal; the maximum, medium, modal and median doses of the liver, the kidneys, the pancreas and the spleen; and the total volume for the kidney.
In addition, the defined volumes of the aforementioned organs were exposed to 10, 15, 20 and 30-Gy dose ranges and were analyzed for each of the techniques.
Analysis. The V 10 to V 100 values for the critical organs with respect to the planned radiation dose were also analyzed. The established values for normal tissue dose were based on the healthy tissue overdosage factor (HTOF) of Salt (12, (16) (17) (18) . The conformity index (CI) and the homogeneity index (HI) values for the target volume were calculated according to the following formulae (13, 17, (19) (20) (21) : i) CI RTOG = V RI / TV; where the volume of the reference isodose (V RI ) is the volume of the PTV receiving a 95% reference/planned dose, and the target volume (TV) is the volume of the PTV. ii) HI = I max / RI; where I max is the maximum dose to the target, and RI is the reference dose in the PTV. iii) HTOF = HTV RI / TV; where healthy tissue volume covered by the reference isodose (HTV RI ) is the tissue/organ volume that received the planned dose to the PTV.
The level of significance of the results for the individual statistical analysis techniques were based on Friedman's rank analysis of variance (P<0.001). All the statistical computations were performed using Statistica software, version 10 (StatSoft, Inc., Tulsa, OK, USA). The average maximum dose values in the PTV for 2 fields, 3 fields, 4 fields and IMRT were 50.3, 50.3, 49.3 and 48.9 Gy, respectively. The location of the maximum dose (Dmax) was tested and compared with the Dmax value for the PTV, external contours and critical organs. The results are shown in Table II .
Results

Target volumes.
In the 2-field techniques and IMRT, the maximum dose to the PTV was comparable to the maximum dose over the entire volume of the body. This indicates the location of the hot spots in the PTV. However, in the case of the 2-field technique, the maximum dose was reported in the critical organs, which was a vast area that received a high dose. In examining the ratio of HI for the PTV, the following results were obtained: 1.118 for the 2-field technique, 1.117 for the 3-field technique, 1.089 for the 4-field technique and 1.087 for IMRT (P<0.001). The CI for the CTV amounted to 1.115, 1.118, 1.088 and 1.082 (P<0.001), and the CI for the GTV amounted to 1.085, 1.087, 1.066 and 1.063 (P<0.001). Analogously, the average dose values for the CTV were determined relative to the PTV volume. The results are shown in Table III .
The CI indices for the studied techniques for the average of the minimum dose in the GTV, CTV and PTV were essentially ranked at the same level. The interpretation of the minimum dose distribution in the target volume should be based on all plans for a highly satisfactory result in the tested range. Analysis of the coefficient of HI describing the dose homogeneity indicates a clear difference in the assessment of the 3DCRT and IMRT plans. While the best uniformity of the dose distribution was observed with the dynamic techniques (1.08), the HI indices for the two-and three-field techniques (1.12) were relatively high, although they did not exceed the maximum dose of the tolerable minimum dose level. The high toxicity of the combined treatment for post-operative gastric cancer should be carefully considered; it partially covered the PTV, but also affected healthy tissue and critical organs. Minimizing the hot spots in the target areas and hence producing better uniformity while reducing the total dose to the critical organs should ensure less toxic radiation. HTOF assumes values from 0 to 0.5. Values close to 0.5 indicate a high dose to the study volume, whereas values closer to 0 indicate that the study volume is less vulnerable. Table IV show HTOF values for the organs at risk.
Spinal canal. The criterion for the maximum dose to the spinal canal of <45 Gy was not fulfilled in the 2-field plans (47.7 Gy); in the other techniques, the average maximum dose was <44 Gy.
Liver. The criterion for the protection of the liver was a V 30 of 30%. This value was obtained for 64% of the plans for the 2-field technique, 68% of the plans for the 3-field technique, 52% of the plans for the 4-field technique and 80% of the plans for IMRT. The average dose was fulfilled only for the 2-field and IMRT plans, reaching 27.1 Gy and 24.8 Gy, respectively. In other multi-field techniques, a 30-Gy dose was administered to higher than 30% of the liver volume (Table V) .
Pancreas and spleen. In the case of the spleen and pancreas, there are no guidelines for their protection during radiotherapy for stomach cancer (Tables VI and VII) .
Right and left kidney. The criterion for the protection of the kidneys was a V 20 of 30%, and it was met in the case of the right kidney. For the left kidney, only the IMRT plans allowed a dose of <20 Gy in 30% of its volume to be obtained. For the left kidney, this value was obtained for 24% of the plans for the 2-field technique, 24% of the plans for the 3-field technique, 28% of the plans for the 4-field technique and 64% of the plans for IMRT (P=0.030). In the patients treated with the 3DCRT technique, in which it was not possible to obtain a predetermined criterion dose/volume for each kidney, the method of summing up the volume of the two kidneys was used, and the DVH evaluation was performed for the acceptance of the treatment plan in accordance with a predetermined criterion. Table VIII shows the association between the volumes of the right and left kidneys and the dose levels of 10, 15, 20 and 30 Gy (P<0.001).
The most interesting result in the protection of critical organs, was observed in the left kidney, which is an organ that is located in the immediate vicinity of the PTV and was exposed to a high dose of radiation during the radiotherapy for stomach cancer (Fig. 1) . Data are presented as the median % values. IMRT, intensity-modulated radiation therapy.
Discussion
Comparisons between conformal treatment planning and IMRT are challenging due to different methods of prescription and reporting of the absorbed doses. ICRU Report 50 used a dose-at-a-point prescription for 3DCRT. By contrast, ICRU Report 83 did not favor a particular point, but favored the volume. This method of treatment planning is based on a dose-volume prescription. ICRU Report 83 changed the methods of dose reporting. This report recommended the near-minimum (D98%) and near-maximum (D2%) values instead of the previously recommended doses. In Report 50, the absorbed dose in the PTV, by definition, ranged from 95-107% of the prescribed absorbed dose. In the present study, a local minimum is accepted, and in this way, an absorbed dose is not dependent on a single computation point. D50% is considered to best correspond to the previously defined dose at the ICRU reference point. The new recommendations emphasize the value of homogeneity and conformity indexes. The CI for the studied techniques for the average of the minimum dose was ranked practically at the same level for the GTV, CTV and PTV structures. The interpretation of the minimum dose distribution in the target should consider all plans for a highly satisfactory result in the tested range. Analysis of the coefficient of HI describing the dose homogeneity in the test structure shows a clear difference in the assessment of the 3DCRT and IMRT plans. While the best uniformity of the dose distribution is observed with the dynamic techniques (1.08), the HI indices for the 2-and 3-field techniques (1.17) showed a relatively high maximum dose, although the minimum dose level was tolerable. There is a relatively high toxicity of the combined treatment for gastric cancer, where the healthy tissue and the critical organs are covered by the PTV. Minimizing the maximum dose to the target volumes, and, hence, achieving better uniformity should ensure less radiation therapy toxicity.
The greatest differences were observed in the case of the spinal canal and the two kidneys. Relatively low HTOF factor values are associated with the dynamic techniques.
In addition, the occurrence of the largest dose gradient over the external volume also refers to the IMRT techniques. It appears that pre-operative/post-operative radiotherapy should focus on techniques that are currently highly specialized, such as the dynamic techniques, but also the rotary techniques, for example, RapidArc.
A review of the available studies on 3DCRT for gastric cancer published by Morganti et al (22) clearly indicated that conformal techniques do not achieve optimal treatment plans (23) . It is more appropriate to focus attention on the possibilities offered by advanced dynamic or rotating techniques. In 2004, Wieland et al described the first attempts to assess the rotational techniques comparing the coverage of large areas of PTV that were planned with IMRT and RapidArc techniques (24) . The first report on the results of a comparison of the dynamic techniques (IMRT) and conformal radiotherapy for post-operative gastric cancer was published by Minn et al in 2010 (25) . Over a 2-year period, the studied group included 57 patients who were treated with combined chemoradiotherapy. Site treatment success and treatment toxicity were evaluated, and the study concluded that IMRT, in terms of toxicity, is comparable to conformal techniques (61.2 vs. 61.5%). The data regarding the critical organs, such as the liver and the kidneys, were presented based on the dose averages. It was concluded that the IMRT techniques better protect the liver and kidneys. However, there is no indication of the maximum dose level of radiation in the entire volume, which results in high doses to a volume of the intestines and may increase the toxicity of radiation, regardless of the type of radiation therapy used (25) . The most recent publication that compared irradiation techniques in patients with gastric cancer was that by Ma et al in 2013; the plans created for 15 patients involving 5-and 7-field IMRT and 3DCRT techniques were evaluated (26) . The study assessed the volume of the PTV indices based on CI and HI analysis, as in the present study. The results in terms of dose uniformity in the target area indicated that IMRT was better than conformal techniques. The number of fields ranged from 4 to 8, and the most commonly used was the 5-field technique. The use of the 5-field IMRT techniques did not improve the degradation in the kidney, although at high doses for the liver and spinal canal, IMRT was clearly shown to be a safer technique.
Overall, the use of conformity and homogeneity indices for the evaluation of target volumes indicate that the dynamic techniques provide good GTV, CTV and PTV coverage of high and uniform dose areas during radiotherapy for gastric cancer. Clearly improved protection of organs at risk is ensured with the IMRT technique compared with the conformal techniques. Dynamic techniques should replace the multi-field conformal techniques for gastric cancer radiotherapy, mainly due to the far superior protection of organs at risk. It is, however, also the amount and location of the maximum dose of dynamic plans that should improve treatment tolerance.
